IntroductIon
There is growing evidence that obesity (BMI >30 kg/m 2 (1) ) is associated with impaired cognitive function including executive function, attention, and memory (2) (3) (4) . The adverse influence of obesity on cognitive performance is also evidenced by higher rates of attention-deficit hyperactivity disorder (5) and of Alzheimer disease, cortical atrophy, and white matter disease in obese subjects (6) (7) (8) . Comorbid medical conditions that occur with obesity (i.e., cerebrovascular pathology, hypertension, diabetes) are likely to contribute because they adversely affect cognition. However, studies have also documented adverse effects of high BMI on cognitive performance in healthy subjects, which suggests that excessive weight may be deleterious to cognition (specifically executive function) (4) . The mechanisms underlying this effect are not understood. Inasmuch as prefrontal regions are involved with executive function, we hypothesized that the influence of BMI on cognitive performance in healthy individuals would be mediated in part by its effects on prefrontal activity.
To test our hypothesis, we measured the association between BMI and regional brain glucose metabolism (using positron emission tomography (PET) and 2-deoxy-2 [ 18 F] fluoro-D-glucose (FDG) (9) ) in healthy individuals at baseline and during cognitive stimulation (numerical calculations). Baseline regional brain metabolic measures have been shown to be a sensitive indicator of brain function/dysfunction that is associated with neurocognitive performance (10) . We also measured brain metabolism during cognitive stimulation (numerical calculations) to determine whether BMI affected brain glucose utilization during cognitive performance. In parallel, we measured performance in neuropsychological tests that involve prefrontal processing including executive function and verbal memory. We hypothesized an inverse correlation between BMI and baseline metabolism in prefrontal regions and a positive association between prefrontal metabolism and performance on tests of executive function and of memory. Obesity has been associated with a higher risk for impaired cognitive function, which most likely reflects associated medical complications (i.e., cerebrovascular pathology). However, there is also evidence that in healthy individuals excess weight may adversely affect cognition (executive function, attention, and memory). Here, we measured regional brain glucose metabolism (using positron emission tomography (PET) and 2-deoxy-2[ 2 ) studied during baseline (no stimulation) and during cognitive stimulation (numerical calculations). Statistical parametric mapping (SPM) revealed a significant negative correlation between BMI and metabolic activity in prefrontal cortex (Brodmann areas 8, 9, 10, 11, 44) and cingulate gyrus (Brodmann area 32) but not in other regions. Moreover, baseline metabolism in these prefrontal regions was positively associated with performance on tests of memory (California Verbal Learning Test) and executive function (Stroop Interference and Symbol Digit Modality tests). In contrast, the regional brain changes during cognitive stimulation were not associated with BMI nor with neuropsychological performance. The observed association between higher BMI and lower baseline prefrontal metabolism may underlie the impaired performance reported in healthy obese individuals on some cognitive tests of executive function. On the other hand, the lack of an association between BMI and brain metabolic activation during cognitive stimulation indicates that BMI does not influence brain glucose utilization during cognitive performance. These results further highlight the urgency to institute public health interventions to prevent obesity.
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Methods and Procedures subjects A total of 21 right-handed healthy subjects (12 M and 9 F; 34 ± 7 years of age) were studied. Subjects were evaluated by a physician (for exclusion criteria, which included (i) current or past neuropsychiatric disorder or drug abuse, (ii) significant medical illness, (iii) current treatment with medication including over-the-counter drugs, and (iv) pregnancy. Normal physical examination and laboratory tests were required for entry. Prescan urine tests ensured the absence of any psychoactive drugs in all subjects and of pregnancy in females. Subjects were monetarily compensated for their participation in the study. Written informed consent was obtained in all subjects. (11) . As estimates of verbal IQ we used the scaled scores on the Wide Range Achievement Test Revised III reading subtest, and, for nonverbal IQ, we used the scaled scores on the Wechsler Adult Abbreviated Scale of Intelligence Scale III matrix reasoning subtest (11) . As control tasks we used motor tests (finger tapping, pegboard, and the gait) (11) . scans PET scans were obtained with a whole-body, high-resolution tomograph (Siemens/CTI ECAT HR+, with 4.6 × 4.6 × 4.2 mm resolution at center of field of view and 63 slices) using FDG as ligand. Subjects were scanned on 1 day during baseline (passively viewing nature cards) and on another during cognitive activation (additions, subtractions, multiplications, or divisions). The order of the scans was randomized. The difficulty of the numerical problems was controlled to achieve 80% accuracy, and the problems were presented on colored cards (one card per min) and correct responses were remunerated. Details about the methods for the scanning are published elsewhere (12) . Briefly, a 20-min emission scan was started 35 min after injection of 4-6 mCi of FDG. Arterialized blood sampling was used to measure FDG in plasma. During the study, subjects were positioned supine in the PET camera with their eyes open; the room was dimly lit and noise was kept to a minimum.
Image and data analysis
Correlation analyses were performed between the baseline brain metabolic measures and the BMI and between the difference image (baseline-cognitive stimulation) and BMI using statistical parametric mapping (SPM) (13) . In addition, significant findings detected with SPM were corroborated with independently drawn predefined regions of interest (ROIs).
For the SPM analyses the images were spatially normalized using the template provided in the SPM 99 package and subsequently smoothed with a 16 mm isotropic Gaussian kernel. A voxel-by-voxel correlation was done with the BMI as seed value, and voxels, where correlations were significant at P < 0.005 (uncorrected, cluster size >100 pixels), were backprojected into a structural image of magnetic resonance imaging.
For the ROI analysis, we extracted independently drawn ROI using an automated extraction method that is based on the standard brain template from the Talairach atlas (14) . First, to eliminate variations across individuals' brains, the FDG images were mapped into the Talairach brain using SPM's normalization package. The inverse-mapping procedure was used to extract the Talairach coordinates of all voxels for a given anatomical region using the stereotaxic coordinates in the Talairach Daemon database (15, 16) . Pearson product moment correlations were done between BMI and the regional metabolic measures on these ROIs and also between the baseline metabolic measures and the task-induced changes in metabolism, which was done to assess whether baseline measures predicted activation responses.
To assess whether the regions that varied as a function of BMI predicted cognitive performance, we performed correlation analyses between the scores on the neuropsychological tests and both the baseline metabolic measures and the changes in metabolism during cognitive stimulation. For a priori hypotheses BMI would be negatively associated with prefrontal metabolism and prefrontal metabolism would be positively associated with executive function and memory, with significance set at P < 0.05. For exploratory tests, we set significance at P < 0.005 and report findings at P < 0.05 as trends. We also report on the correlations between the measures of IQ and the scores on the other neuropsychological tests.
results
Average BMI in our subjects corresponded to 25 ± 4 kg/m 2 (range 19-37 kg/m 2 ); average age to 34 ± 7 (range 22-45 years); and average education to 14 ± 2 years (range 11-18 years). Three of the subjects fitted criteria for obesity (BMI ≥30 kg/m 2 ). Average brain glucose metabolism for the group corresponded to 36.4 ± 6 µmol/100 g/min (range 27 to 50). There were no significant correlations between BMI and age (r = 0.29, P = 0.21) or education (r = 0.20, P = 0.37) or between age and regional brain metabolism (prefrontal cortex r = 0.05 P = 0.84; cingulate gyrus r = 0.08 P = 0.73).
The SPM analysis on the baseline metabolic images revealed a negative association between BMI and metabolism in four clusters that included left and right prefrontal regions (Brodmann area (BA) 8, 9, 10) and anterior cingulate gyrus (BA 32) (Figure 1) . The clusters comprised: (i) right prefrontal regions (coordinates 50, 34, 38, size 3,601 pixels and t = 3.8); (ii) left prefrontal and anterior cingulate regions (coordinates −26, −8, 52, size 1,972 pixels, t = 3.6); (iii) left prefrontal regions (coordinates −34, 60, 14, size 470 pixels, t = 3.6); and (iv) right prefrontal regions (coordinates 32, 4, 38, size 372 pixels, t = 3.4). The metabolic measures extracted from the ROI corroborated a significant negative correlation between BMI and the left and right prefrontal regions identified by SPM as well as for BA 11 (r = −0.53; P ≤ 0.01). Table 1 provides the regional metabolic values for these prefrontal regions (BA 8, 9, 10, 32) and for the other cortical, cerebellar, and subcortical regions. Figure 2 shows the regression slopes for the averaged (left and right) measures in BA 9, 10, and 32, and BMI. These analyses also revealed trends with the left caudate (P < 0.01), putamen (P < 0.05), temporal (P < 0.05), and right hippocampus (P < 0.05) ( Table 1) . Table 2 shows the scores on the neuropsychological measures and the correlations with BMI and IQ. BMI was negatively correlated with performance on the Wisconsin Card Sorting Test and selected subtests of the WAIS ( Table 2 ). As expected, many of the tests correlated with the IQ measures ( Table 2) .
The correlations between neuropsychological measures and regional brain metabolism were similar for left and right regions, so we report on the averaged left and right measures ( Table 3 ). The significant correlations were restricted to prefrontal regions (BA 9 and BA 11) and to cingulate gyrus (BA 32), which were also regions that showed significant correlations with BMI. These regions were significantly correlated with scores on the California Verbal Learning Test, Stroop Interference, Trail Making Test, Symbol Digit Modalities Test, and selected subtests of the WAIS (Table 3) . Scores on the WAIS (digits forward and backward, matrix reasoning) were associated both with prefrontal metabolism and with BMI. None of the correlations between metabolism and motor tests were significant. Performance during the cognitive task (numerical calculations) increased brain metabolism, an effect that was most pronounced in frontal, parietal, and occipital cortices ( Table 4) . For most brain regions the increases in metabolism during the cognitive task were negatively associated with the baseline metabolic measures ( Table 4) . Despite this, the SPM analysis between BMI and the changes in brain metabolism during the cognitive task were not significant. The correlations between the changes in metabolism and the neuropsychological measures were also not significant. 
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Here, we show in healthy subjects a significant negative correlation between BMI and baseline brain glucose metabolism in prefrontal regions and in the anterior cingulate gyrus. We also document a negative association between prefrontal metabolism and performance on tasks of executive function and verbal learning. In contrast, regional brain activation during cognitive stimulations was not associated with BMI nor with the neuuropsychological measures. The negative association between BMI and prefrontal metabolism (BA 9, 10, 32) is consistent with the findings of reduced gray mater volumes in prefrontal cortex in obese subjects when compared to lean individuals (17) . They are also consistent with those from a large study done in Japanese healthy individuals (n =1,428) that showed a negative correlation in males (not in females) between BMI and gray matter volumes in a small region within the prefrontal cortex (medial BA 9) (18). However, the latter study also reported that males showed a positive correlation between BMI and gray volumes in ventral areas of the prefrontal cortices (medial areas BA 10 and BA 11 at z coordinates 0 and −10). This is different from our results because we found no brain areas that exhibited a positive correlation with BMI. This discrepancy could reflect the differences between volumetric and metabolic measures, but it could also reflect the relatively small sample of our study.
In this study, we also show an association between prefrontal and cingulate metabolism and cognitive function. In contrast, none of the correlations with motor tests were significant, which indicates that these associations were specific for cognitive tasks. For example, metabolic activity in prefrontal regions Interference, Trail A, and the WAIS subtests for digits backward). These findings are consistent with prior studies showing an association between metabolic activity in prefrontal regions and performance in cognitive tests of executive function (10) . BMI was associated with performance on the WAIS (selected subtests) and the Wisconsin Card Sorting Test in this group of healthy subjects. This result corroborates prior findings of a negative association between BMI and cognitive performance in healthy adults (4) . Similar to the prior report, in our study the tests that correlated with BMI were tests of executive function indicating that this may be one of the most sensitive to the deleterious effects of excessive weight. Similarly, in obese subjects, cognitive impairment includes disruption in executive function and memory. Though in obese subjects comorbid medical complications (i.e., hypertension, diabetes) are likely to contribute to cognitive impairment, the fact that we show a similar association in healthy subjects suggests that high BMI may have a direct negative impact on certain aspects of cognition. The association between prefrontal metabolism and BMI suggests that decreased prefrontal activity may underlie this effect. Though the mechanism underlying the relationship between BMI and prefrontal metabolism is unclear, we postulate that it reflects in part disrupted dopaminergic activity. Dopamine (DA) is one of the neurotransmitters that modulates prefrontal activity thus regulating executive function (19, 20) . Indeed, studies in healthy subjects have shown a correlation between DA synthesis (assessed with PET and [ 18 F]-fluoro-L-DOPA) in striatum and cognitive performance in tasks linked to the prefrontal cortex (21) . Similarly studies of normal aging have reported that the age-related loss of DA markers (D2 receptors and DA transporters) is associated with decreases in prefrontal metabolism (22) and with performance on tests of executive function (23, 24) . The same associations have been documented by studies of patients with damage of the DA system (i.e., Parkinson's Disease, methamphetamine abuse) in whom impairments in executive function have been shown to be associated with markers of DA damage (25, 26) .
In obesity, both preclinical and clinical studies have documented impairments in brain DA activity (27) (28) (29) (30) (31) . Studies in obese subjects and in rodent models of obesity have reported an inverse relationship between BMI (humans) and weight (rodents) and D2 receptors (28, 30, 31) . In obese subjects, we have also observed a negative relationship between D2 receptor availability and prefrontal metabolism (32) . Thus, the impaired cognitive performance in obese subjects could reflect not only medical complications but also the detrimental effects of obesity on brain DA activity with a consequent disruption of prefrontal activity.
In interpreting these results one needs to consider the possibility that it is not BMI that is detrimental for prefrontal activity but that decreased prefrontal activity and reduced executive function may increase the risk to overeat. In fact, the prefrontal cortex is involved in regulating impulse control, self-monitoring, and goal-directed behaviors (33) , all of which could influence the ability of an individual to self-regulate his/her eating behavior. Indeed, it has been postulated that the decline in executive function that occurs with aging (34) could contribute to the increased prevalence of overweight and obesity with age (4).
The cognitive task increased brain metabolism and the largest effects were in prefrontal, parietal (regions involved in processing numerical calculations) (35) , and occipital regions. The regional increases were negatively associated with baseline metabolism; subjects with lower baseline metabolism had the largest increases with activation. Even though one would have, therefore, predicted that increases in prefrontal metabolism would have been larger in subjects with higher BMI who have lower baseline prefrontal metabolism; however, that was not the case. Indeed, the correlations between BMI and metabolic activation during cognitive performance were not significant. This suggests that BMI does not affect the amount of energy (glucose) required by the brain to perform the cognitive task. However, it is also possible that failure to see a correlation reflects the fact that the activation pattern is specific to the cognitive processes measured by the task. Thus, we cannot rule out the possibility that a different cognitive task may have yielded a significant association with BMI.
In our subjects, we did not find an association between brain metabolism and age. This differs from prior studies showing reductions in baseline prefrontal metabolism with age (22) . The reason for this discrepancy is likely to reflect the limited age range of subjects (22-44 years of age) because the steepest decline in prefrontal metabolism occurs in late middle age (36) . We also did not find an association between age and BMI. However, to the extent that BMI increases with age it would be relevant to assess the contribution of BMI to the age-related decreases in prefrontal metabolism.
A limitation for this study was that we did not measure physical activity; thus, we can not rule out its contribution, The values for the percent increases correspond to mean and standard deviations.
articles Behavior and Psychology particularly because physical activity has been shown to have a beneficial effect on cognition (37) . In summary, here we document a negative association between the BMI and the baseline prefrontal metabolic activity that is likely to contribute to the impairment in cognitive performance reported in healthy overweight/obese subjects. This further highlights the urgency to institute public health interventions to promote a healthy weight in individuals.
